@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Schliiter S, Vogel H-J (2016) Analysis of
Soil Structure Turnover with Gamet Particles and X-
Ray Microtomography. PLoS ONE 11(7): e0159948.
doi:10.1371/journal.pone.0159948

Editor: Christophe Egles, Université de Technologie
de Compiegne, FRANCE

Received: April 6, 2016
Accepted: July 11,2016
Published: July 25, 2016

Copyright: © 2016 Schiiiter, Vogel. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All segmented X-

ray UCT files are permanently available through the
UFZ archive with data description using standardized
metadata catalogue (Dublin Core) and with access
via URL https://www.ufz.de/record/dmp/archive/3768/.

Funding: The authors have no support or funding to
report.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Analysis of Soil Structure Turnover with
Garnet Particles and X-Ray Microtomography

Steffen Schiliiter' *, Hans-Jorg Vogel'2

1 Dept. Soil Physics, Helmholtz-Centre for Environmental Research - UFZ, Halle, Germany, 2 Institut fir
Agrar- und Erndhrungswissenschaften, Martin-Luther-Universitat Halle-Wittenberg, Halle, Germany

* steffen.schlueter@ufz.de

Abstract

Matter turnover in soil is tightly linked to soil structure which governs the heterogeneous dis-
tribution of habitats, reaction sites and pathways in soil. Thereby, the temporal dynamics of
soil structure alteration is deemed to be important for essential ecosystem functions of soil
but very little is known about it. A major reason for this knowledge gap is the lack of methods
to study soil structure turnover directly at microscopic scales. Here we devise a conceptual
approach and an image processing workflow to study soil structure turnover by labeling
some initial state of soil structure with small garnet particles and tracking their fate with X-
ray microtomography. The particles adhere to aggregate boundaries at the beginning of the
experiment but gradually change their position relative to the nearest pore as structure for-
mation progresses and pores are destructed or newly formed. A new metric based on the
contact distances between particles and pores is proposed that allows for a direct quantifi-
cation of soil structure turnover rates. The methodology is tested for a case study about soil
compaction of a silty loam soil during stepwise increase of bulk density (o= {1.1, 1.3, 1.5} ¢/
cm?®). We demonstrate that the analysis of mean contact distances provides genuinely new
insights about changing diffusion pathways that cannot be inferred neither from conven-
tional pore space attributes (porosity, mean pore size, pore connectivity) nor from deforma-
tion analysis with digital image correlation. This structure labeling approach to quantify soil
structure turnover provides a direct analogy to stable isotope labeling for the analysis of
matter turnover and can be readily combined with each other.

Introduction

Soil structure provides the pathways for matter fluxes, entails a high diversity of microhabitats
and causes a heterogeneous distribution of reaction sites in soil. Through these regulatory traits
it acts as a major driver for important soil functions like stabilization of soil organic matter,
maintenance of biodiversity or water and nutrient cycling [1, 2]. Soil structure is not static, but
continuously altered through abiotic (e.g. tillage, moisture changes) and biotic agents (e.g. bio-
turbation, root growth) [3]. These soil structure dynamics are also sometimes referred to as
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aggregate turnover, i.e. the continuous formation and destruction of aggregates especially in
soils under agricultural use [4, 5].

Aggregate turnover rates are hard to quantify directly. However, the lifetime of organic mat-
ter (OM) in aggregates is strongly correlated with turnover of aggregates themselves [6]. There-
fore stable isotope methods are sometimes applied to study soil structure dynamics indirectly.
Labeled organic matter enriched in BCor N [7-9] ora change in cultivation from C3 to C4
plants with natural differences in C isotope ratios [4, 10] are used to study the fate of OM in
soil (for comprehensive reviews see [3, 11, 12]). After a certain incubation time the soil is dis-
cerned into different aggregate size classes through wet sieving and OM turnover rates are
derived from the proportion of labeled OM in each aggregate size class. This approach to link-
ing OM turnover to structure turnover is often motivated by the aggregate hierarchy concept
first proposed by Tisdall &amp; Oades [13]. In this conceptual framework, soil structure is
organized in different levels ranging from organo-mineral complexes, to microaggregates (<
250um) and macroaggregates (> 2504m). The predominant binding agents at each level differ
in lifetime from very stable to transient. Macroaggregates are deemed to be formed and
destructed relatively fast, whereas microaggregates are formed slowly within macroaggregates
and are the main driver for OM stabilization in soil. An indirect inference about structure turn-
over from fractions of labeled OM in different aggregate size pools can be made under the
assumption that macroaggregate formation and microaggregate formation rates are the ulti-
mate cause for the observed fractionation of labeled OM. However, the validity of this aggre-
gate hierarchy concept and therewith the congruency of OM turnover and aggregate turnover
seems to be limited to soils rich in clay and silt and rather high OM concentrations [14]. More-
over, labeled OM might be stabilized by other mechanisms than physical protection in micro-
aggregates, such as inherent recalcitrance, association with minerals, or a shortage in readily
available organic compounds required as an energy source for microbial decomposition of
labeled OM [15, 16].

A similar approach to estimation of aggregate turnover rates is provided by studying the
fate of microparticles, e.g. ceramic dysprosium oxide tracer spheres (d: 0.4 mm) that can be
detected through neutron emission [5]. These spheres were added to a field soil with a rototiller
and from their recovery in different aggregate size classes after wet sieving a macroaggregation
rate was derived. This derivation of aggregate turnover rates from aggregate stability during
wet sieving has obvious flaws. Aggregation or more precisely the disintegration of aggregates
strongly depends on the energy input and forces that act on them during wet sieving [17].
Comparability among different studies therefore requires highly standardized laboratory pro-
tocols. It does, however, not imply the existence of clearly separable aggregates within undis-
turbed soil [18]. Instead, soil structure manifests itself through a complex network of pores at
all scales and their heterogeneous distribution in space evokes preferential failure zones during
mechanical disturbance. This complex patterns of pores ultimately governs the distribution of
water, nutrient supply and oxygen levels and should therefore be studied in its original context.
In summary, indirect methods to quantify structure turnover rates are flawed because measures
based on OM turnover and aggregate stability are not necessarily correlated with the formation
and destruction of pores at microscopic scales.

Imaging techniques like X-ray microtomography (4CT), in turn, provide a detailed view
into the physical structure of undisturbed soil at a spatial resolution of a few microns. The
three-dimensional images do not only enable a visual inspection of the internal structure of
opaque soil but are also amenable to quantitative image analysis. The spatial attributes which
can be derived from pCT images are numerous and range from pore size distribution and pore
connectivity [19], to spatial correlation of pores [20] and distances between pores and occluded
particulate OM [21, 22], just to name a few. Repeated sampling of field soils during a growing
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season facilitates the detection of statistical changes in pore space attributes, e.g. during a grow-
ing season [23, 24]. Incubation experiments in the laboratory allow for a more detailed look on
soil structure dynamics, since the same samples can be scanned repeatedly under controlled
conditions [25-27]. This allows for a direct analysis of changing pore size distributions or pore
connectivities as a function of e.g. different C input or different microbial activity. Yet, this is
still a statistical evaluation of pore space changes and therefore only provides indirect clues on
structure turnover. A rather new method to directly study the movement of soil constituents
during soil structure development is called digital image correlation (or digital volume correla-
tion) [28-30]. The rationale of this method is to recover the deformation field in soil by image
registration. That is, the image of a deformed soil is aligned to an image of the original soil and
the transformation matrix that resulted in an optimal spatial alignment is used to calculate the
deformation field. This yields detailed patterns of how much soil has been displaced how far in
which direction. Digital image correlation and related methods like particle image velocimetry
have mainly been used to study soil deformation through mechanical stresses and its great
potential to investigate structure turnover is not yet explored. One major hurdle for a direct
assessment of structure dynamics is that the displacement of soil constituents needs to be stud-
ied in its spatial context. For instance, OM located at the surface of a macropore may end up in
the center of a newly formed aggregate, if the macropore is closed due to compression, even
though the active displacement of this OM may have been negligible. Likewise, crack formation
due to drying may expose formerly occluded OM and create a completely new microenviron-
ment without any OM translocation in space.

In this paper we present a new image processing protocol that allows for a direct quantifica-
tion of structure dynamics by tracking strategically positioned microparticles. The chosen gar-
net particles contain iron oxide with high X-ray attenuation so that they can be easily detected
in spite of their small diameter of a few voxels (d: 0.045-0.1 mm). Aggregate packings are pre-
pared from sieved aggregates covered with microparticles. In this way, the position of garnet
particles marks the delineation of initial macroaggregates. The biotic and abiotic drivers of soil
structure changes operate on very different time scales and not all of them can be captured in a
meaningful way by laboratory experiments. In this study we induce structure changes exem-
plarily through soil compaction, which typically occurs in agricultural soils under tillage. The
position of individual particles at different levels of soil compaction is evaluated with respect to
distances to the nearest pore. These new metrics are underpinned with conventional pore
space attributes and metrics derived from digital image correlation to provide a sound picture
of soil structure changes at a spatial scale of a few microns. Finally, the findings for structure
dynamics during compaction are used to conceptualize an approach to quantify soil structure
turnover rates.

Materials and Methods

Soil was collected from the upper 5 cm of a Haplic Chernozem (WRB classification) developed
from loess and managed as bare fallow at the Experimental station (51.3943N, 11.8777E) of the
Helmbholtz-Centre for Environmental Research—UFZ in Bad Lauchstddt, Germany. The owner
of the land gave permission to conduct the study on this site. Soil texture was composed of 11%
sand, 68% silt and 21% clay (Sedimat 4-12, UGT GmbH, Miincheberg, Germany). The organic
carbon and total nitrogen content of the soil were C,,, = 2.05% and N, = 0.19%, respectively
(Elementar Analysator Vario EL cube, Elemantar Analysensysteme GmbH, Hanau Germany).
The fresh soil was sieved under moist conditions close to field capacity. Aggregates in the size
range of 0.5-2 mm were collected and stored in the fridge at 4°C. Weeks later the aggregates
were carefully moistened by putting them on a moist paper towel for 30 min, so that the
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gravimetric water content in the aggregates adapted to 10.5+1.3%. Subsequently, the aggregates
were fully covered with garnet fine sand (Garnit #240, Kuhmichel Abrasiv GmbH, Ballenstedt,
Germany) with a grain size of 45-100 ym. This garnet fine sand, from here on denoted as parti-
cles, consists of the mineral Almandine, which is composed of 33% Fe,Os. This iron content
leads to a better contrast against the surrounding soil than conventional quartz sand [31], but
does not lead to a drastic attenuation of X-ray photons like similar sized particles of metallic
iron so that shading artifacts are avoided. The aggregates were gently shaken on a 0.2 mm sieve
for 1 min to remove excess particles. 5 g of these moist aggregates were filled into 5 ml plastic
syringes with an inner diameter of 12.5 mm (5 replicates). Occasionally some coarse garnet
grains (Garnit #12-20, Kuhmichel Abrasiv GmbH, Ballenstedt, Germany) with a grain size of
0.5-1.2 mm were added to the aggregate packing. These coarse garnet grains, from here on
denoted as grains, are easily detected in the CT images and serve as additional position markers
for subsequent image analysis. The dry weight of this packing of moist aggregates was deter-
mined from equally prepared samples (3 replicates) after oven drying at 105°C for 24 h. Bulk
density was then adjusted in steps (1.1 g/cm’, 1.3 g/cm®, 1.5 g/cm”) by compressing the soil with
the piston of the syringe to a specific volume. This uni-axial, static compression is likely to cause
qualitatively different compaction than elastic soil displacement through dynamic loading dur-
ing wheel traffic. Nevertheless it fulfills the purpose to evoke some easily reproducible changes
to the soil structure on which our new conceptual approach can be tested.

After each compression step the samples were scanned with X-ray microtomography
(X-TEk XCT 225, Nikon Metrology). The energy settings (80 keV, 120 A, no filter) resulted in
good contrast without overexposure at the lateral margins of the detector panel. An entire scan
comprised 2300 projections with an exposure time of 1 s (one frame per projection). The syrin-
ges were scanned in two-heights to cover ~ 60% of the total height of the uncompressed aggre-
gate packing. The reconstruction of three-dimensional images via filtered back projection was
done with the CT Pro 3D software package (version 3.1) at a spatial resolution of 8ym and
8-bit gray scale resolution.

The raw images are subjected to an image processing workflow that was especially tailored
for this study (Fig 1). The entire workflow is described in detail in S1 File by means of the small
subset within the yellow frame in Fig 1(a) and only briefly summarized in the following. Noise
in the raw images was removed with a non-local means denoising filter (Fig 1b) [32]. Thresh-
olds for three classes are detected automatically according to [33]. Global thresholding leads to
a tentative segmentation into pores (black), aggregates (blue) and garnet (red) (Fig 1c). Partial
volume effects due to limited image resolution cause false aggregate voxels around particles.
These thin films of aggregate voxels around particles are removed by a combination of erosion,
removal of small objects and dilation. The identification of particles is improved with a Lapla-
cian of Gaussian (LoG) filter [34] for blob detection (Fig 1d). The garnet particles are seg-
mented with hysteresis thresholding of the scale normalized LoG result [33, 35]. The
combination of blob detection and partial volume voxel treatment leads to an improved seg-
mentation result (Fig 1e). The tentative pore class is labeled differently depending on whether
pores are fully enclosed by aggregates (yellow) or connected to the interaggregate pore space
(black). All removed aggregate and garnet voxels are gathered in an unassigned class (white).

Quantitative analysis of the CT images is directed towards different ends (step 5.-7. in Fig 1):

o The deformation analysis via digital volume correlation is performed on the raw images. The
workflow for digital image correlation is described in [30] and implemented in elastix [36].
As preprocessing steps the image dimensions are rescaled by a factor of four in each direction
to reduce computational costs and the grayscale is rescaled such that all pores and aggregates
are black and garnet grains are depicted with optimal contrast. It has been shown previously
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Fig 1. Image processing workflow for this study depicted for a small two-dimensional subset (a). Noise is removed with a non-local means filter (b).
Image segmentation is performed in several steps. First, gray values are tentatively segmented into pores (black), aggregates (blue) and garnet (red) via
simple thresholding (c). Then particles are detected with a Laplacian of Gaussian Filter (LoG) (c) and subsequent hysteresis thresholding of the LoG
Image. Note that the edges of large grains are masked out during particle detection (not shown). For the final segmentation (e) partial volume voxels
tentatively assigned to the aggregate class are set to unassigned (white) with a morphological opening of the aggregate class by a small structuring
element (dsg = 5 voxels). The tentative garnet class is set to unassigned (white) and overwritten by the thresholded LoG image (red). Pores are further
differentiated with respect to whether they are fully enclosed in soil aggregates (yellow) or not (black) (f). These images are subjected to different types of
analysis (5.-7.).

doi:10.1371/journal.pone.0159948.g001

that this improves the image registration of the deformed grain matrix onto the original
grain matrix [30].

o The pore space analysis is done for both the interaggregate pore space and isolated pores
together. Depth-dependent changes in pore volume are detected with porosity profiles, i.e.
the area fraction of pores in each xy-plane. Pore size distributions are computed with the
maximum inscribed sphere method as implemented in the Bone] plugin for Image] [37].
Pore connectivity I"is computed from the size distribution of individual pore clusters [38]:

1 &
F:ﬁan (1)

v =1
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where N, is the number of pore voxels, N, is the number of individual pore clusters and #; is
the number of voxels in cluster i. This second moment of the cluster size distribution equals
one if all pores are connected in one percolating cluster and converges to zero if porosity is
fragmented into many clusters of similar size.

Distance analysis: A Euclidean distance transform as implemented in the 3D Image suite for
Image] [39] determines the minimum distance of each voxel (including aggregates, garnet
and occluded pores) to the interaggregate pore space. This is also referred to as the contact
distribution [40]. The average of this contact distribution is an estimate for the mean diffu-
sion lengths of air into the soil matrix assuming that small unresolved pores remain water-
filled. On top of that the Euclidean distances between garnet particles and air-filled pores can
be determined and compared to that of any point within the soil matrix.

Results
Porosity changes due to compaction

The changes in soil structure due to compaction are depicted in (Fig 2). The uncompacted soil
at a bulk density of p = 1.1 g/cm” exhibits a loose aggregate packing. The coverage of aggregates
with garnet particles is not perfectly homogeneous (Fig 2a, green circles). Some aggregates,
probably wetter than others during sieving, are covered with a thick layer of particles (green
#1), while other aggregates are only sparsely covered with particles (green #2). Upon drying
and/or unintentional shaking some particles detach from the aggregates and gather at pore
constrictions (green #3). Bigger garnet grains are randomly distributed across the sample. This
grain matrix will be the basis for subsequent deformation analysis. The different X-ray adsorp-
tion of garnet (yellow #1) and grains of iron-free minerals like quartz (yellow #2) is clearly visi-
ble. The piston of the syringe enters the field of view from above during uni-axial compression
of the soil to a bulk density of p = 1.3 g/cm® and p = 1.5 g/cm” (Fig 2b and 2c). Soil compaction
does not occur uniformly. Pores in front of the piston are strongly compressed, whereas the
pore space further away from the piston is less affected. The position of garnet particles in rela-
tion to macropores changes drastically through soil compaction (red boxes). In uncompacted
soil almost all garnet particles are in direct contact with air due to the way the sample was pre-
pared. At an intermediate bulk density a large fraction of particles is already occluded between
aggregates. At the highest bulk density many pores vanished completely so that the former
aggregate boundaries can only be identified through linings of garnet particles.

In the following these visual observations will be confirmed by quantitative image analysis.
First, the different bulk densities are compared with respect to height profiles of porosity (Fig
3a). Sample preparation at the lowest bulk density (p = 1.1 g/cm”’) lead to a uniform porosity
profile around an average porosity of ¢ = 0.30. The uni-axial compression to a bulk density of
p=1.3 g/cm’ caused a linear decrease in porosity from ¢ = 0.24 at the bottom of the field of
view to ¢ = 0.12 at the top in close proximity to the piston (average ¢ = 0.18). The second
compaction to a bulk density of p = 1.5 g/cm”’ reduced average porosity further to an average of
¢ = 0.05, again showing a linear decrease in porosity from the bottom of the field of view to a
height of about 15 mm. Above that height an irreducible porosity of ¢ = 0.03 is reached.

Due to the porosity gradient in the sample all subsequent analysis will be presented sepa-
rately for the top and bottom of the sample. The cumulative pore size distribution (Fig 3b)
clearly shows a shift in the range of pore diameters with changing bulk density. An increase in
bulk density leads to a shift in the pore size distribution towards smaller pore diameters. At the
same time the curves become steeper, i.e. the range of prevalent pores diameters gets narrower
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Fig 2. 3D rendering of a sample at a bulk density of (a) p = 1.1 g/cm?, (b) p = 1.3 g/cm® and (c) p = 1.5 g/cm. The green circles highlight aggregates
which are strongly (#1) or weakly (#2) covered with particles or pores in which detached particles gather (#3). The yellow circles highlight that photon

absorption in garnet (#1) is higher than in iron-free minerals like quartz (#2). The red circles highlight in the incorporation of particles into the soil matrix in
the course of compaction.

doi:10.1371/journal.pone.0159948.9002

as big pores get compacted more easily. Interestingly, the average pore diameter (Fig 3c) scales
linearly with porosity. Note that this only refers to porosity above the resolution limit of 8 ym.
Connectivity, in turn, exhibits a very non-linear relationship with porosity. Above a critical
porosity of 10-12% the pore space is well connected and only a small fraction of pores is not
connected to the main, percolating pore cluster. Close to the percolation threshold a small
reduction in porosity entails a huge fragmentation of the pore network.

Soil deformation

The deformation of soil during compaction is analyzed with digital image correlation. The dis-
placement of individual garnet grains during compaction from p = 1.1 g/cm’ to p = 1.3 g/cm’
for one out of five replicates is depicted in Fig 4(a). Evidently the displacement is smaller at the
bottom of the field of view and strongest close to the piston of the syringe. The exact displace-
ment of garnet grains is computed with elastic registration of the deformed image onto the
original image using a B-spline transform of a regular grid of control points. A successful regis-
tration is achieved for all grains and even for larger clusters of particles, as indicated with yel-
low color in Fig 4(b). The resulting deformation field shows a gradual increase in compaction
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doi:10.1371/journal.pone.0159948.9003

with vertical position ranging from 1.5 mm at the bottom to 5.5 mm at the top of the field of
view (Fig 4c). The compaction to p = 1.5 g/cm’ increases the vertical displacement to 2.5 mm
at the bottom and 8.5 mm at the top. (Fig 4(b)). There is only little lateral heterogeneity in the
downward movement (z-components of the vectors) and hardly any horizontal movement of
garnet grains (x-y components of the vectors).

Particle distribution

Pores may disappear completely during soil compaction. As a consequence the minimum dis-
tance from any location within the soil matrix to the nearest pore undergoes characteristic
changes. This is summarized in the histogram of contact distances for all non-pore voxels (Fig
5a, inset). The aggregate packing at p = 1.1 g/cm” renders a lot of aggregate surfaces in direct
vicinity to a well connected pore network. The exponential decline in frequency with increasing
contact distance is a consequence of the compact shape of aggregates, which are all of similar
size. When only the garnet particles are considered (Fig 5a), the decline is much steeper. Evi-
dently, all garnet particles have only small contact distances at the beginning of the experiment,
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registration leads to a very good spatial alignment between the deformed and the original image. (c) The resulting displacement field shows a gradient in
vertical displacement. (d) Compaction to 1.5 g/cm?® increases this gradient even further.

doi:10.1371/journal.pone.0159948.g004

because they adhere to aggregate surfaces. The natural fine sand fraction of the soil, which is
also detected as particles during image processing, only evokes a minor tailing of the histogram
for distances above 0.1 mm. When the soil is compacted to p = 1.3 g/cm” the frequency distri-

bution of contact distances does not change, neither for garnet particles nor for all non-pore
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and bottom part of the sample. The mean contact distance for particles scales linearly with the mean contact distance for
bulk soil during compaction.

doi:10.1371/journal.pone.0159948.g005
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voxels in general. Only at a bulk density of p = 1.5 g/cm” there is a considerable shift towards
greater contact distances because a large fraction of garnet particles is not in direct contact with
the pores anymore.

The comparison between average pore distance of soil and garnet particles (Fig 5b) exhibits
the following features: (1) There is a linear relationship between average contact distance for
particles and average contact distance for soil during soil compaction. (2). All data points are
below the 1:1 line, i.e. on average the particles remain closer to pores as compared to bulk soil.
(3) Differences in the pore space attributes of the top and bottom parts do not entail different
contact distances.

Discussion
Relationship between contact distances and porosity

Bulk density changes due to soil compaction affect soil structure in many ways. Some pore
space attributes like porosity and mean pore diameter scale linearly with bulk density. Pore
connectivity, in turn, exhibits a very non-linear behavior. At first, compaction only leads to a
reduction of pore sizes without a disruption of the pore network. Only when a critical porosity
threshold of 10-12% is reached, the well-connected pore network breaks into many evenly-
sized, isolated pores. The sharp transition in pore connectivity in a narrow porosity range is
due to the regular packing of similar-sized aggregates. The transition is likely to be more grad-
ual in natural soil with a more irregular network to start with.

Looking at soil structure changes from the perspective of the pore space seems to be the nat-
ural choice, since many important soil functions like aeration, water storage or solute transport
depend on the size distribution and continuity of pores. However, soil functions which relate
structure-mediated accessibility of soil constituents calls for a shift of focus towards soil matrix
attributes. For instance, the physical protection of particulate organic matter against microbial
decomposition within soil aggregates is mainly governed by diffusion-limited supply of nutri-
ents, oxygen and exoenzymes through predominantly water-filled intra-aggregate pores, which
cannot be captured by the image resolution of 8um. For oxygen, this information on accessibil-
ity is best described by the diffusion length from the substrate through the soil matrix to the
next air-filled pore [22, 41]. Evidently, this diffusion length is a transient property that depends
on soil matric potential y,,,. At the image resolution of 8um used in this study we cover the
pore space which is air-filled at a matric potential of y,,, = =375 hPa (derived from Young-
Laplace law assuming perfect wettability). If y,,, was controlled during the experiment and air
and water was segmented separately in the 4CT images or if the distribution of air and water
was modelled e.g. with maximum inscribed sphere analysis of the pore space [42, 43], then the
contact distances to air-filled pores, could be examined for any matric potential higher (i.e.
moister) than v, = -375 hPa. Hence, based on the contact distances, it is possible to evaluate
diffusion lengths into water-filled regions for a wide moisture range as typical for many soils.
This average contact distance undergoes non-linear changes with decreasing porosity caused
by compaction (Fig 6). At p = 1.3 g/cm’, the reduction in porosity does not lead to increased
contact distances, because most pores shrink in size, but not beyond the resolution limit. Only
at a critical porosity of 10-12% there is a substantial occlusion of pores within the dense soil
matrix or even a complete removal of resolved porosity. Note that this porosity threshold coin-
cides with the steep decline in pore connectivity (Fig 3d). The black curve fitted to the data in
Fig 6 suggests an exponential decline in mean contact distance with increasing porosity. In S2
File we show that this exponential trend is in line with contact distances for overlapping
spheres of different packing geometry and a diameter comparable to the maximum inscribed
sphere of the irregular-shaped aggregates used in this study. This indicates that the exponential
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Fig 6. The mean contact distance between bulk soil and pores scales exponentially with decreasing
porosity during soil compaction. This exponential trend follows from the non-linear increase of contact
distances as pores start to vanish completely at higher bulk density. The scatter with subgroups of similar
bulk density is caused by different degree of intra-aggregate porosity mostly due to crack-formation. This
variability in intra-aggregate porosity causes a linear scaling relationship between contact distances and
porosity. All fitted curve converge to a similar contact distance at vanishing porosity which is mainly
determined by the average size of aggregates.

doi:10.1371/journal.pone.0159948.9006

trend is caused by changes in interaggregate porosity, i.e. by a change in void space between
aggregates.

Interestingly, the scatter within the different compaction levels is quite high. However, this
scatter is not random, but shows a negative linear trend between porosity and mean contact
distance for each bulk density sub-group. At constant bulk density, an increased porosity is
mainly due to additional intra-aggregate pores, which mainly results from micro-crack forma-
tion that reduces the mean contact distance to pores. All fitted curves converge towards the
same mean contact distance for vanishing porosity, which we show in S2 File to mainly depend
on the average size of aggregates.

In summary, this assessment of soil structural dynamics via changes in contact distances is a
valuable information based on the spatial arrangement of the soil, which cannot be inferred
from a statistical analysis of pore space attributes alone. By analyzing the distribution of water
and air in the pore space, changing diffusion pathways due to water dynamics or soil structure
dynamics could potentially be treated separately.

Measuring soil structure turnover

In the following, we will therefore use contact distances to outline a direct approach to measur-
ing soil structure turnover. To do so, we make use of a close analogy to stable isotope methods
as a standard method to quantify turnover rates of different carbon pools in soil. By labeling of
a certain pool or substrate its fate in the carbon cycle can be monitored over time and net fluxes
can be derived even under steady-state conditions. Likewise, soil structure can be distinguished
in two pools according to their spatial context: (i) regions in direct contact with oxygen, e.g.
aggregate surfaces and the soil around macropores, and (ii) the interior of aggregates where
OM is potentially protected from mineralization. Pulse labeling of the soil structure is then
achieved by covering aggregate surfaces with inert particles and the fate of these particles can
be studied over time.
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Fig 7. Conceptual scheme for the quantification of soil structure turnover rates. (a) A two-dimensional packing of aggregates is covered with garnet
particles. (b) The aggregates are first compressed by soil compaction. Subsequently, soil structure turnover is initiated through new root channel
formation, micro-crack formation and the partial refilling of pores with earthworm casts, where (c) and (d) represent two consecutive moments in time. (e)
The distribution of contact distances between pores and particles or between pores and bulk soil (inset). (f) The mean contact distance of particles is

initially much smaller than the mean contact distance for bulk soil. Soil compaction does not lead to a trajectory towards the 1:1 line (randomized position
of particles), whereas structure turnover does.

doi:10.1371/journal.pone.0159948.9007

This is illustrated in the conceptual scheme in Fig 7. If particles were distributed randomly
across soil, then the mean contact distance between particles and pores should equal the mean
contact distance between all soil voxels and pores. Evidently, the distribution of particles at the
beginning of the structure labeling experiment is far from being random, as all particles adhere
to the surface of aggregates (Fig 7a). That is to say, the pool of small contact distances is
strongly enriched with particles. We have shown in our experiment, that soil compaction has
only a small effect on the ratio between particle contact distances and soil contact distances
(Fig 5) in spite of large physical displacement of soil constituents during compaction (Fig 4).
Many particles become occluded within bigger aggregates so that their minimum distance to
the next pore increases, but so does the pore distance for bulk soil in general (Fig 7b). As a con-
sequence, the trajectory in Fig 7(f) proceeds in parallel to the 1:1 line. Actual soil structure turn-
over, i.e. the formation and destruction of pores through rearrangement of soil constituents by
abiotic and biotic agents, will likely cause a different trajectory. This soil structure turnover is
illustrated with different degrees of bioturbation (root channels, refilling of pores with earth-
worm casts) and micro-crack formation Fig 7(c) and 7(d). As a result, the mean contact dis-
tance of particles approaches that of bulk soil. The spatial distribution of particles may not be
random and still demarcate former aggregate boundaries. However, it becomes statistically
similar to the distance distribution of bulk soil as the trajectory approaches the 1:1 line in Fig 7
(f). Soil structure has reached a dynamic equilibrium then, because continued turnover will
only randomize the spatial distribution of particles even further without diverging from the 1:1
line. The rate at which this dynamic equilibrium is reached can be interpreted as the turnover
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rate of soil structure. Evidently this turnover rate will depend on the activity of biotic and abi-
otic agents, but also on whether old pores are continuously reused or newly formed and
destructed. This effect of natural processes of structure formation on contact distances will be
investigated in a future structure labeling study.

Practical considerations

From a practical point of view, a structure labeling experiment will always entail some degree
of initial disturbance to bring the garnet particles into contact with the soil matrix. We coated
the surfaces of sieved aggregates with fine sand particles that are indistinguishable from the
fine sand fraction of soil. Our study represents an extreme case of pulse labeling, since the soil
matrix was almost devoid of fine sand and many garnet particles were used. Such a structure
labeling approach would still be feasible with soils naturally containing a considerable fine
sand fraction or lower coverage of aggregate surfaces with garnet particles, as long as the pool
of short constact distances is significantly enriched after structure labeling. Moreover, pack-
ings of sieved aggregates respresent a rather artificial soil structure to begin a structure
dynamics experiment with. In a more natural setting garnet particles could be added to a field
soil during plowing or harrowing similar to [5] under the tacit assumption that particles are
preferably located at short contact distances due to the way they are added during tillage. Evi-
dently the total abundance of garnet particles would be much lower in this case and the imbal-
ances of initial contact distances are less strong. In analogy to stable isotope methods this is
more similar to a natural abundance study than a pulse labeling study and consequently has a
different set of requirements in terms of measurement precision and level of background
noise. For instance, the soil matrix should be free of fine sand in this case, or chemical micros-
copy methods like SEM-EDX [44] are required to distinguish garnet particles from the natural
fine sand fraction.

Other limitations are posed by the sample size and image resolution. Macropores in natural
soil which are induced by desiccation cracks and bioturbation are too big to be captured ade-
quately in 5 ml samples (d:12.5 mm). Our focus is on the small scale dynamics of the inter- and
intraaggregate pore space which we believe is highly relevant especially for the turnover of
organic matter. This requires a sample size that is small enough to detect the garnet fine sand
fraction. A simultaneous investigation of the pore architecture at both scales calls for a hierar-
chical sampling scheme [19] in which bigger soil cores are scanned first to analyze the macro-
pore network and smaller subsamples are extracted subsequently based on the location in the
first scan. The image resolution of 8 ym which was used in this study resulted in a good com-
promise between visible details and a sufficiently big volume to representatively capture inter-
aggregate pores and garnet particles. Micropores in which soil organic matter is protected
against decay are not visible in 4CT images. However, we think that micropores are present
everywhere all the time. What turns them into oxygen depleted regions is the distance to air-
filled mesopores. This distance between garnet powder and mesopores is in fact what we
address with our conceptual idea of soil structure turnover.

Finally, garnet particles can be considered as chemically stable for typical timescales of incu-
bation experiments or field experiments. Almandine is a nesosilicate with dissolution rates
mainly depending on soil pH, grain size and the existence of protective oxide layers. For
instance, for a garnet powder of slightly smaller grain size (d:30+8.3 ym) the reported alman-
dine dissolution rate (weight loss per mineral surface area after 90 days) at pH 3.6 (9.8 mg/m?)
was two orders of magnitude higher than at pH 8 (0.16 mg/m?) [45]. Moreover, the field disso-
lution of garnet minerals usually amounts to 0.1-10% of dissolution of pure powders, because
a high percentage of moisture is stagnant, i.e. ions in solution reach equilibrium which slows
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down dissolution [46]. Using these values we may assume a dissolution rate of 5 x 10~ mg/
(mm? a) for an agricultural soil like that in Bad Lauchstadt with pH 7.3 [47]. A rough calcula-
tion shows that the dissolution of a spherical garnet grain from a diameter of d = 50 ym (lower
end of the range used in this study) to d = 25 ym (minimum size of detectable objects at 8um
image resolution) takes 10000 years in this case.

Conclusion

Microscopic changes of soil structure during soil compaction were analyzed with yCT. The
increase in bulk density due to compression of soil leads to consistent changes in porosity and
mean pore diameter. Pore connectivity in turn remains high initially and breaks down sud-
denly within a narrow porosity range. We demonstrated that these pore space attributes
provide limited insights into structural properties associated with matter turnover. This
knowledge gap is closed by analyzing the contact distances between soil and pores and there-
with the diffusion lengths for oxygen and nutrients. For the first time we have delineated the
conceptual framework and the image processing workflow to study the evolution of contact
distances for small garnet particles. Similar to stable isotope labeling of carbon pools, a struc-
ture labeling experiment can be devised by bringing garnet particles into contact with aggre-
gate boundaries. In this way, the “pool” of small contact distances to inter-aggregate pores is
highly enriched and the dilution into all distance “pools” can be studied over time. In this
framework, soil structure turnover manifests itself as an evolution of mean particle contact
distances towards the mean contact distance of bulk soil. We have shown that soil compaction
entails a large physical displacement of particles due to strong deformation of soil. However,
this movement of particles is embedded in the collective movement of all soil constituents.
The mean contact distance for particles increases, but not stronger than the contact distance
of bulk soil. Yet, particles have not randomized their position relative to pores. This randomi-
zation does not depend on the physical extent of particle movement as analyzed with digital
image correlation, but on a changing spatial context of particles through formation and
destruction of nearby pores. With this conceptual approach the effect of soil compaction on
soil structure can be clearly separated from other processes which are expected to occur dur-
ing soil structure turnover. Finally, the structure labeling approach to quantify soil structure
turnover rates can be readily combined with stable isotope labeling of organic compounds to
quantify matter turnover.

Supporting Information

S1 File. Image processing workflow.
(ZIP)

S2 File. Contact distances for regular sphere packings.
(Z1P)
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